Objective: Although abnormal hippocampal structure and impaired spatial memory have been revealed in a pilocarpine rat model of temporal lobe epilepsy (TLE), the brain functional network changes are still unclear. The aim of the present study was to investigate the changes of brain functional connectivity related to the hippocampus and the associated memory impairment in a pilocarpine model of TLE. Methods: Functional magnetic resonance imaging signals were recorded in pilocarpine-treated rats and controls by using a 7.0 T magnetic resonance scanner, and independent component analysis was performed to determine the hippocampal functional network. Behavioral tests, including novel location test, novel object test, and episodic memory test, were utilized to evaluate different aspects of memory impairment. Results: Memory impairment was observed in the TLE group in all three behavior tests. As compared to control, decreased connectivity of the hippocampal functional network was observed in the anterior dorsal hippocampus, the amygdala, the thalamus, the motor cortex, and the somatosensory cortex in the TLE group. Meanwhile, increased connectivity was found in the visual cortex, the mesencephalon, and the insula in the TLE group. Correlation analysis revealed that functional connections between the hippocampal network and brain regions such as the dorsal hippocampus and the thalamus specifically relate to the spatial memory behavior, whereas connections between the hippocampal network and regions such as the amygdala, the motor cortex, the somatosensory cortex, and the mesencephalon relate to both the spatial and the object memory performance. Significance: Our results indicated a trend of decreased connectivity in the hippocampal functional network, as well as spatial, object, and episodic memory impairment in the pilocarpine-induced TLE rat. Moreover, connections within the hippocampal network showed a relationship with spatial memory, and connections between the hippocampal network and regions in other networks revealed an association with both spatial and object memory.
| INTRODUCTION
Temporal lobe epilepsy (TLE) is one of the most common forms of drug-resistant epilepsy among adults. Patients with TLE often suffer from cognitive decline, especially in learning and memory functions. 1 TLE is usually accompanied by hippocampal sclerosis, defined by cell loss and gliosis, and can be visibly observed in structural magnetic resonance imaging (MRI). In addition, the pathologic changes of TLE not only occur in the hippocampus but also in the entorhinal cortex, amygdala, and other temporal lobe cortex, suggesting a network disruption in the TLE brain. Increasing numbers of studies have focused on structural and functional networks in TLE patients. It has been reported that the abnormal brain networks in TLE patients are typically characterized by reduced functional and structural connectivity. [2] [3] [4] Although a host of neuroimaging studies have investigated brain networks in TLE patients, [2] [3] [4] [5] [6] studies on medical and surgical treatments as well as the underlying mechanisms in animal models are urgently needed due to ethical concerns. A number of models have been used to induce epilepsy in rodents, [7] [8] [9] for example, systemic or nuclear administration of chemicals. Among these models, systemic administration of lithium-pilocarpine (LIP) is frequently used, because it can reproduce most clinical and neuropathological features of human TLE. In this model, significantly decreased gray matter volume and increased T2 values in the hippocampus, as well as the amygdala and the piriform cortex, were revealed by using 7.0 T structural MRI scanning. 9, 10 Recently, Salo et al 11 scanned LIP rats at different time points and found progressive detectable changes in diffusion tensor imaging parameters in both the dentate gyrus and the CA3bc after status epilepticus (SE). The above studies suggested that hippocampus was impaired in both gray matter and white matter in LIP-TLE rats. However, to date, there have been no functional neuroimaging studies to provide information on the functional brain network changes in LIP-TLE rats. Moreover, previous studies using the model only focused on spatial memory 9, [12] [13] [14] ; nevertheless, other aspects of memory disorders in TLE patients also need to be tested in this model. The main objective of this study was to investigate the changes in resting state functional connectivity related to the hippocampus in an LIP-TLE rat model by recording blood oxygen level dependency signals in LIP-TLE rats and controls. Behavioral tests, including novel location test, novel object test, and episodic memory test, were also utilized to evaluate different aspects of memory impairment. We hypothesized that the hippocampal functional network is different in LIP-TLE rats compared to controls. Furthermore, some abnormal brain connectivity may be associated with specific memory impairment.
| MATERIALS AND METHODS

| Animals
Male Sprague-Dawley rats (180~200 g) were obtained from Charles River (Beijing, China). Animals were housed in Plexiglas cages (two or three per cage) and maintained at an ambient temperature of 22 ± 2°C on a 12 hours light/ 12 hours dark schedule. Food and water were provided ad libitum. Repeated low-dose pilocarpine was used to establish the TLE rat model in the present study. Rats from the TLE group were injected with two to four doses of 10 mg/kg pilocarpine (Sigma, Saint Louis, Missouri) every 30 minutes until they developed SE (Racine scale stage 4/ 5 15 ). Rats that did not exhibit SE after four doses of 10 mg/kg pilocarpine were considered resistant and were excluded from the study. Four weeks after SE, animals in the TLE group were video monitored for at least 12 hours per week to observe spontaneous seizures. Control animals were injected with saline in an identical fashion (details in the supporting information). All procedures met the European guidelines for animal experiments (86/609/EEC). Protocols were approved by the animal ethics committee of Beijing Neurosurgical Institute (201401023).
| Behavioral test
Eight weeks after SE, rats were recruited to participate in three behavioral test sessions, including novel location test, novel object test, and episodic memory test. The three sessions were set in a random order and separated by a minimum of 48 hour. A square box (50 × 50 × 45 cm) with visual cues and five different objects was used, and different objects were used in different sessions. At the beginning, animals were handled individually on three consecutive days for 5 minutes and were allowed 10 minutes free open-field exploration in the empty box for
Key Points
• Pilocarpine induced hippocampal structural impairment and a trend of decreased connectivity in the hippocampal functional network in rats • Chronic temporal lobe epilepsy rats induced by pilocarpine displayed impairment of spatial, object, and episodic memory • Connections within the hippocampal network showed a relationship with spatial memory • Connections between the hippocampal network and regions in other networks revealed an association with both spatial and object memory habituation. Each session consisted of one or two familiarization trials (training) and one recognition trial (testing). After each trial, the objects were thoroughly cleaned with a 0.1% acetic acid solution to remove odor cues. During the familiarization, each rat was exposed to two or four identical objects that were placed in the box for 10 minutes, and there was a 1-day intertrial between the two familiarization trials in the episodic memory test (Figure 1 ). The recognition trial was performed 1 day after the familiarization trial in the same manner for 5 minutes, except one of the objects was replaced in a novel location ( Figure 1A ) during the novel location session, one of the objects was replaced by a novel object ( Figure 1B ) during the novel object session, and four objects were placed as old familiar-stationary (A1), old familiar-displaced (A2), recent familiar-stationary (B1), and recent familiar-displaced (B2) during the novel object-location session ( Figure 1C ). Rat behavior was monitored with a video camera. Tests were suspended for at least 2 hours for those rats exhibiting SE, and rats that experienced SE within 1 hour following test completion were also excluded. The exploration track and the locomotor activity were analyzed offline with a computer tracking system (Xinruan 2.0; Shanghai Xinruan Technology Co., Shanghai, China). An experimenter who was blinded to the groups also scored object exploration. Object exploration was defined as orientation of the head toward the object with the nose within 1 cm of the object with behaviors including sniffing, touching, and gnawing. Excluded from the total exploration time was any time spent with the object where a rat simply propped the forepaws onto the object with the nose pointing away from the object. In the present study, 10 TLE rats and nine control rats were enrolled for later analysis.
| Behavioral data analysis
For each trial, the exploration ratio (ER = time spent exploring the object/time spent exploring all objects) was calculated for each object in each rat. In the novel object test and novel location test sessions, preference for the novel object or location was expressed as a discrimination ratio (DR = novel object or location ER − familiar object or location ER). In the episodic memory test session, according to previous studies, 16, 17 temporal factor (when =
were calculated based on the exploration ratios. For comparing the ER on each object between the two groups, two-way analysis of variance with Bonferroni posttest was used in the novel location and novel object tests. For comparing the ER on each object within each group, one-way analysis of variance with posttest was used in the episodic memory test. T test was used to compare the DR and when and where factors between the two groups. Prism 6.0 (GraphPad Software, La Jolla, California) was used, and the threshold of significance for all the above comparisons was set at P < 0.05.
F I G U R E 1 Details of behavioral tests.
A, Novel location test: after rats explored two identical objects on the first day, the exploratory times of rats on one familiar-locational object and one novel-locational object were recorded on the second day. B, Novel object test: after rats explored two identical objects on the first day, the exploratory times of rats on one familiar object and one novel object were recorded on the second day. C, Novel object-location test: after rats explored four identical objects (stars) on the first day and four other identical objects (pentagons) on the second day, the exploratory times of rats on the four objects (A1, old familiar stationary; A2, old familiar displaced; B1, recent familiar stationary; B2, recent familiar displaced) were recorded on the third day
| MRI/functional MRI data acquisition
All magnetic resonance images were acquired using a 7.0 T MR scanner (Bioclinscan; Bruker Optik, Ettlingen, Germany) at least 72 hours after behavioral tests. Rats were anesthetized with isoflurane (2%) and secured in a head holder. The respiratory rate and body temperature were supervised by a physiological monitoring system (Biotrig, Bruker Optik). The structural images were obtained with a rapid acquisition with relaxation enhancement sequence with the following parameters: rapid acquisition with relaxation enhancement factor = 8, repetition time = 3140 milliseconds, echo time = 41 milliseconds, matrix size = 256 × 256, field of view = 40 × 40 mm, slice thickness = 1 mm. Resting state functional images were acquired using echo-planar imaging with the parameters: repetition time = 2000 milliseconds, echo time = 16 milliseconds, flip angle = 60°, matrix size = 64 × 64, field of view = 27.6 × 27.6 mm, slice thickness = 0.7 mm. Each echoplanar imaging scan had 300 repetitions, lasting approximately 10 minutes.
| MRI data analysis
Hippocampal volumes were obtained from the structural MRI images by using the public domain Java-based imaging-processing program ImageJ (http://rsb.info.nih.gov/ij/). Two researchers who were blinded to the grouping manually outlined the hippocampus. The sections of interest were chosen according to the atlas of Paxinos and Watson, 18 and measures from consecutive sections were combined together. The hippocampus was measured in the coronal planes running from −2 mm to −6 mm from bregma, including five slices in each rat. Meanwhile, the dorsal and ventral parts of the hippocampus were measured in the coronal planes running from −2 mm to −4 mm and from −4 mm to −6 mm from the bregma, respectively ( Figure S3 ). Volumetric measurements from each slice were normalized to the brain volume, yielding a ratio that is independent of the animal's brain size. T test was used to compare the hippocampal volume ratios between the TLE and the control rats, and the threshold of significance was set at P < 0.05.
| Functional MRI data processing
Preprocessing of the functional MRI (fMRI) data was done in Statistical Parametric Mapping (SPM8) software (Wellcome Department of Cognitive Neurology, London, UK) and MATLAB (MathWorks, Natick, Massachusetts), following a common protocol according to previous studies. [19] [20] [21] [22] All fMRI images within each session were realigned and coregistered to the anatomical images. The image data were further spatially normalized to a standard template. 23 Finally, in-plane smoothing was done using a Gaussian filter (1 mm full width at half maximum). These data were bandpass filtered (0.01~0.10 Hz) to adjust for scanner drift between runs and to rule out other sources of noise.
| Hippocampus-related network analysis
To investigate the hippocampus-related network, independent component analysis (ICA) was performed using the Group ICA of fMRI Toolbox (http://icatb.sourceforge.net/). First, using principal component analysis, data were reduced and then concatenated for a group-level principal component analysis. Second, for each group, ICA was performed using the Infomax algorithm. Last, a back reconstruction of the data to single subject independent components and time courses was done. The number of components was set to 20, as informed by previous rodent studies. 20, 24 The hippocampus-related component was iden-
tified by spatially sorting all components with the structural hippocampal mask ( Figure S4a ). 23 For each subject, the best-fit component was extracted from each individual run. A two-sample t test was performed to determine the differences in the spatial extant of the hippocampus-related network between the two groups; the threshold was set as cluster level false discovery rate-corrected P < 0.05. A region of interest (ROI) analysis was conducted to further calculate the regional connectivity intensity and to evaluate whether the connectivity changes were correlated with the memory impairment induced by TLE. The ROI clusters were determined by the results of the abovementioned two sample t test (Table S1 and Figure 4) , and the mean z value of each ROI was calculated. In the present study, when regions displayed bilateral increases or decreases, the mean z value was calculated by combining both sides to get the average. T test was used to compare the mean z value in the specific ROI between the TLE and the control groups, with a threshold of P < 0.05. Correlation analyses were performed between the behavior performance (DR, when and where factors) and the mean z values in these ROIs. A linear regression test in Prism 6.0 software was used, with the threshold set at P < 0.05.
| RESULTS
| Behavior performance
There was no exploration time nor locomotor activity difference between the TLE and the control rats in the novel location test, the novel object test, and the episodic memory test (Figures S1 and S2 ). Significant ER differences showed between the TLE and the control rats in the novel location (F 1, 34 = 73.39, P < 0.001) and novel object tests (F 1, 34 = 73.54, P < 0.001). The control rats spent more time exploring the novel location (post hoc t = 13.31, P < 0.001) and novel object (post hoc t = 15.24, P < 0.001) than the familiar ones. There was no ER difference between the novel location/object and the familiar ones in the TLE rats (all post hoc P > 0.05). Moreover, lower ER and DR on the novel location (ER: post hoc t = 5.084, P < 0.01; DR: t = 3.595, P < 0.01) and novel object (ER: post hoc t = 7.056, P < 0.001; DR: t = 4.989, P < 0.001) were revealed in the TLE group compared to the control group; also, compared to control, higher ER on the familiar location (post hoc t = 5.084, P < 0.01) and familiar object (post hoc t = 7.056, P < 0.001) tests were shown in the TLE group (Figure 2A and 2B ).
F I G U R E 2
Behavior performance of the temporal lobe epilepsy (TLE) and control rats. Exploratory ratio per object and discrimination ratio are shown in the novel location test (A) and the novel object test (B) for each group. C, Exploratory ratio per object in the episodic memory test and the discrimination index (where and when factors) for each group. Data are represented as mean and SEM (n = 9 control, n = 10 TLE), *P < 0.05, **P < 0.01, ***P < 0.001. A1, old familiar stationary; A2, old familiar displaced; B1, recent familiar stationary; B2, recent familiar displaced JIANG ET AL.
| 1789
In the episodic memory test, significant ER differences were revealed in the control group (F 3, 32 = 2.942, P < 0.05) but not in the TLE group (F 3, 36 = 0.4122, P > 0.05). Within the control group, posttests showed higher ER on A1 than B1 (post hoc t = 3.983, P < 0.05) and higher ER on B2 than B1 (post hoc t = 3.642, P < 0.05). Additionally, compared to control, the TLE rats showed no significant difference, but they displayed a lower trend on the where factor (t = 1.1513, P = 0.074), and there was no difference on the when factor between the two groups (t = 0.6878, P > 0.05; Figure 2C ).
| Hippocampal structure in TLE rat
Structural impairment in the hippocampus was observed in the TLE rats but not in the control group. Damages can be identified in both dorsal and ventral hippocampus by the higher T2 MRI signal intensity ( Figure 3A) . Compared to the control group, volumes of the total (t = 2.57, P < 0.05) and dorsal hippocampus (t = 3.66, P < 0.01) were significantly decreased in the TLE rats. Ventral hippocampus also showed a trend of volumetric decrease in the TLE group as compared to control (t = 1.97, P = 0.066; Figures 3B and S3 ).
| Hippocampus-related functional network in TLE rat
The hippocampus-related network included hippocampus, thalamus, retrosplenial cortex, and somatosensory cortex ( Figure S4 ). Compared to the control group, decreased connectivity of this network was observed in the anterior dorsal hippocampus, the amygdala, the thalamus, the motor cortex, and the somatosensory cortex in the TLE group ( Figure 4A and Table S1 ). Meanwhile, increased connectivity was found in the visual cortex, the mesencephalon, and the insula in the TLE group ( Figure 4B and Table S1 ). Remarkably, the mean z value in the motor cortex was negative in TLE rats but positive in controls, suggesting an opposite functional connection mode in this region between the two groups ( Figure 4A ). In addition, the mean z value in the insula was significantly below zero in the control group and close to zero in the TLE group, indicating that TLE induced a reduced functional connection between the insula and the hippocampal network ( Figure 4B ).
| Relationship between the behavior performance and the regional connectivity to the hippocampus-related network
In the novel location test, a positive correlation was revealed in brain areas such as the anterior dorsal hippocampus, the amygdala, the thalamus, the motor cortex, and the somatosensory cortex; significant negative correlations were found in the mesencephalon and the insula. In the novel object test, positive correlations were shown in the amygdala, and the motor and somatosensory cortices; negative correlations were shown in the visual cortex, the mesencephalon, and the insula. In the episodic memory test, only the thalamus revealed a positive relationship in the where factor (Table 1 and Figure S5 ).
| DISCUSSION
In the present study, memory impairment was observed in the TLE group in all three behavior tests (Figure 2 ), indicating that memory injury occurred in spatial, objective, and episodic aspects in chronic LIP-TLE rats. Inostroza et al revealed episodic memory injury in a kainic acid (KA)-induced TLE rat model; however, in their study, the performance in the spatial and object memory tests in KA rats were as normal as in the healthy control group. 18 This could be due to the differences between LIP and KA models. Compared to KA, although there was no difference in seizure severity, LIP-treated rats showed severer structural impairment in hippocampus, amygdala, perirhinal cortex, and piriform cortex, as well as severer impairment of spatial memory. 9 In addition, emotional and cognitive symptoms such as depression and attention disorders were also reported in LIP-treated rats, [25] [26] [27] [28] but not in KA. 25 Moreover, in the present study, we used a long-term memory test design 29 instead of a short-term memory test, which might also explain why our observation was partly inconsistent with previous reports. Damaged hippocampal structure in LIP-TLE rats was further confirmed in the present study, including both dorsal and ventral parts of the hippocampus (Figure 3 ). This is consistent with the results of previous animal neuroimaging and histochemical studies. 10, 30 Disruption of the hippocampus-related functional network in the TLE group was also revealed by a trend of lower connectivity in our work (Figure 4A) . The above findings are consistent with a host of human neuroimaging studies in TLE patients, which also revealed typically reduced functional and structural connectivity between the hippocampus, amygdala, anterior temporal cortex, precentral cortex, and default mode and sensorimotor networks. [2] [3] [4] Even so, due to the lack of neocortex in the rodent brain, it would be easy to question whether the brain network components are comparable between humans and rats. Becerra et al 24 reported seven robust and reproducible networks by utilizing ICA on the resting state fMRI data in the awake rodent brain. In their research, the spatial system component included the retrosplenial cortex, anterior thalamic nuclei, and hippocampus, which are all involved in spatial memory and discriminative avoidance learning. Additionally, the same component had a number of structures observed in the default mode network (DMN) in humans, 31 including the cingulate, insular, motor, somatosensory, retrosplenial, and orbitofrontal cortices. Moreover, hippocampus, amygdala, and sensorimotor cortex were also detected in other networks involved in emotion, sensory, and executive control. The abovementioned regions mostly showed decreased functional connectivity to the hippocampal network in the present study, in accordance with human studies, suggesting a trend of functional connectivity reduction among the DMN, learning and memory, emotion, and sensory F I G U R E 3 Impaired structural hippocampus in temporal lobe epilepsy (TLE) rats. A, T2-weighted magnetic resonance images in one TLE rat and one control rat. Higher magnetic resonance imaging signal intensity was shown in both the dorsal and ventral hippocampus in the TLE group (arrows). B, Compared to control, the TLE group showed gray matter volumetric decrease in dorsal, ventral, and total hippocampus. Data are represented as mean and SD (n = 9 control, n = 10 TLE), *P < 0.05, **P < 0.01 networks. Conversely, in the TLE group of the present study, increased functional connectivity was observed in the visual cortex and mesencephalon to the hippocampal network ( Figure 4B ), which is also in agreement with the results from other human neuroimaging studies. 32, 33 Interestingly, Gill et al 34 recently revealed a significant increase in functional connectivity within the limbic network and the DMN in KA-treated rats compared to controls. The inconsistent results might have resulted from the choice of rat model. Correlation analysis between memory impairment and dysfunctional connectivity highlighted some key connections (Table 1) . Reduced functional connections within the hippocampal network were specifically related to the spatial memory disorder, including the dorsal hippocampus and thalamus to the hippocampal network. The dorsal hippocampus is generally accepted to play a crucial role in spatial memory, 35 and thalamotemporal functional connectivity also plays an important role in long-term memory. 36 Additionally, this observation is in accordance with the structures of the spatial system in Becerra's work. 24 Visual cortex-hippocampal network connectivity was negatively associated with object memory performance, which might be caused by the disruption of balance in the DMN and the sensory network. Further studies are needed to provide more evidence of this finding. In addition, a number of functional connections related to the hippocampal network were significantly associated with both spatial and object memory performance, including regions such as the amygdala, insula, mesencephalon, and motor and somatosensory cortices, and most of the abovementioned brain regions are key components of the emotional, sensory, and executive control system. Thus, it is not hard to speculate that the abnormal cross-network connections could play an important role in malfunction of cognition and emotion, and may contribute to eventual memory impairment in LIP-TLE rats.
A major limitation of our study was the use of anesthetics, which may cause resting state network differences compared to awake animals. Isoflurane has been universally utilized in rodent neuroimaging studies. 19, 22, 34, 37 Some studies demonstrated that although instinct brain networks were still observed at deep levels of anesthesia, brain functional connectivity decreased with increased levels of anesthesia. 37, 38 Even so, resting state network analysis based on an awake rat brain or using specific anesthetic with less effect of functional connectivity influence would be more sensitive to detect connectivity changes in the disease model. Moreover, in the present study, although rats were not experiencing SE in the behavioral tests, effect of the nonconvulsive seizures might not be excluded. Further studies using electrophysiological recordings would provide more assurance. In addition, no significant difference was observed between the two groups in the episodic memory test. This lack of difference might be due to the size of the testing box, because four instead of two objects were used in the episodic memory test; conversely, increased sample size may also emphasize the significance of the differences. Studies using modified testing devices and large sample sizes may further confirm the behavior performance in this model.
| CONCLUSION
To our knowledge, this is the first study using 7.0 T fMRI combining different types of behavior tests to report on the abnormal brain functional network in an LIP-TLE rat model. Our results indicated a trend of decreased functional connectivity in hippocampal functional network, combined with spatial, object, and episodic memory impairment in chronic LIP-TLE rats. Furthermore, connections within the hippocampal network showed a relationship with spatial T A B L E 1 Relationship between the behavior performance and the regional connectivity to the hippocampal network Regional mean z values were defined to reflect the regional connectivity to the hippocampus-related functional network. Discrimination index was used to reveal the behavior performance in the novel location and novel object test. When and where factors were used as the performance index in the novel object-location test. Linear regression test was used (n = 19). *P < 0.05, **P < 0.01, ***P < 0.001.
memory, whereas connections between the hippocampal network and regions in other networks revealed an association with both spatial and object memory. In addition, the main findings are mostly consistent with previous TLE patient studies, suggesting that LIP-TLE rats may be a promising prospect for future animal neuroimaging studies on TLE mechanisms and medical and surgical treatment.
